• Caldwell* was the first to measure directly the pH of large cells (crab muscle fibres) with a glass electrode. Kostyuk and Sorokinareduced considerably the dimensions of the glass electrode and measured directly the intracellular pH of sartorius muscle (frog). Finally, Carter 3 first measured the intracellular pH of a mammalian cell (rat voluntary muscle) by means of a double-barreled microelectrode.
All these electrodes were based, however, on the same principle, i.e., interposing a pH sensitive glass membrane between the medium tested and a reference solution. So far, intracellular micro-electrodes have been made by reducing the volume of the sensitive head of conventional electrodes to dimensions which enabled them to be introduced into a cell. However, reducing this volume reduces also the surface of contact -the area of low resistance glass between the two solutions -thus increasing the electrical resistance of the electrode to very high values. It has been possible to compensate for the effect of the reduced size of the tip by decreasing, at the same time, the thickness of the glass wall. But the wall of the smallest pH sensitive micro-electrodes is now so thin (1000 A) that further reduction would impair considerably their mechanical strength. However, the uninsulated tip is still too large to be useful for intracellular
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Even for giant cells, errors might arise from a too large pH micro-electrode when the reference electrode is left outside the cell, since the intracellular electrode simultaneously registers the membrane potential. The value of the membrane potential has to be subtracted from the potential measured with the intracellular pH micro-electrode. The correction is usually the membrane potential registered with a sharp micro-electrode of the Ling and Gerard 4 type. However, if the tip of pH electrode has an external diameter larger than one or two microns, the cellular membrane can be damaged and the membrane potential can fall to a lower value. In the present experiment the correction for the membrane potential is the average value of the membrane potential of undamaged neighboring cells measured by a very sharp pyrex glass electrode of the Ling and Gerard type. The membrane potential error and the correcting value can therefore be very different. So it is desirable for accurate measurements that the pH electrode be of the same diameter as the correction micro-electrode, namely, about 0.5 micron. The smallest possible electrodes should be used in any case because, with large electrodes, there always remains the possibility of acid of injury. Of course, if the cell is very small, as the cardiac cell is, for instance, one has to be sure that no part of the sensitive head is left outside the intracellular medium. For the rat atrial fibres,
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LAVALLtE which have an average diameter of about 6.3 microns (Chin, T., personal communication), the sensitive part must not be longer than one or two microns if there is to be a reasonable chance that the sensitive tip is completely inserted inside the cell.
The progressive reduction in size of electrolyte-filled microcapillaries used as intraceUular micro-electrodes, 4 " 0 was not accompanied by any modification of the theory concerning the junction between the aqueous solution of electrolyte filling the electrode and the medium surrounding this electrode. Using a system of half cells with reversible junctions and seeing that every liquid junction between these two half cells was balanced by a junction similar but of the opposite direction, most workers assumed that such systems could operate without introducing any junction potential error. In other words, the liquid junction potential at the tip of the micro-electrode was assumed to be cancelled at the junction between the medium surrounding the electrode and a large bridge filled with a solution identical to the filling medium of the electrode. It was later observed that the two junctions were not completely equivalent, but presented a difference of 30 to 70 mv. 7> 8 Since these potential differences disappear when the very fine end of the micro-electrode is broken, there is general agreement that these discrepancies are due to some tip artifacts. It has also been noted 9 that micro-electrodes made with certain kinds of glass have larger tip potentials.
In the present study the sensitivity to pH of the tip potential of micro-electrodes (Ling and Gerard type) made of 0150C glass and pyrex glass is compared and used for measuring the intraceUular pH of isolated rat atria.
Methods

MICRO-ELECTRODES
The glass used in the following experiments was supplied by Coming Glass Works as microcapillaries of 1 mm outside diameter and 0.5 mm inside diameter. According to Byzov and Chernyshov 10 this ratio of inner to outer diameter is the most appropriate to obtain a micro-electrode with a sharp but strong tip. The control microelectrodes were made of pyrex and the pH electrodes of 0150C glass. These microcapillaries were pulled by an apparatus designed according to the specifications of Alexander and Nastuk.
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. Each micro-electrode was examined by ordinary microscope, and micro-electrodes having diameters larger than one micron were discarded. For the last fifteen microns, the taper of the tip was estimated at 1/8. The 0150C micro-electrodes were filled by boiling in distilled water for fifteen minutes and tJien transferred to a salt solution of selected concentration. These micro-electrodes were allowed to equilibrate for about eight days in the solution before being used. Gentle boiling during fifteen minutes in distilled water did not produce tip damage detectable under an ordinary microscope (1000 X). The pyrex glass microelectrodes were filled by boiling in the salt solution of the desired concentration usually twentyfour hours prior to the experiment.
PREPARATIONS
The freshly excised hearts of white male Wistar rats (body weights from 200 to 300 g) were dissected in a cold, well oxygenated Krebs-Ringer solution. This solution contained Na + 145 mM, K + 6 mM, Ca~ 1.22 mM, Mg ++ 1.33 mM, Cl~ 126 mM, HCO 3 -25.3 mM, PO 4 = 120 mM, SO 4 = 1.33 mM, glucose 5.5 mM, and when gassed with a mixture of O 2 95% and CO 2 5%, had a pH value of 7.4 at 30°C. The atria were isolated from die rest of the heart and placed in a bath containing a Krebs-Ringer solution gassed with O 2 95% and CO 2 5% at 30°C. An equilibration period of one hour was allowed before the first pH measurements were made. The preparation was stimulated at a rate of 200/minute and maintained at a resting tension of 750 ing. The force of contraction was registered isometrically through a strain gauge. The average wet weight of the atria of twenty rats, from the same population as the ones used in the present study, was 44.3 mg and the average dry weight 9.9 mg.
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RECORDING CIRCUIT
A system of half cells with reversible silversilver chloride junctions was used to establish electrical continuity between the micro-electrode and the input of the electrometer. One silversilver chloride electrode was used as a reference electrode and connected to earth. The micro-electrode was connected through the other silver-silver chloride electrode to the grid of the electrometer tube (Victoreen 5803). The input grid current was between 2 X 10" 11 and 2 X lO" 14 ampere. The earth point of the cathode follower used as the first stage of the electrometer was the same as that of the reference electrode. From the cathode follower the signal from the micro-electrode was amplified in a crosscoupled amplifier. Finally the signals from the electrode circuit and from the strain gauge could be observed on the screen of a double beam oscilloscope.
Since the reference electrode is always left outside the cell, it can be expected that the intracellular pH micro-electrode will measure the membrane potential in addition to the difference between the intracellular and the extracellular pH. The membrane potential value was found by averaging a large number of intracellular measurements (from 21 to 52), alternating with the pH micro-electrode measurements, with a pyrex glass micro-electrode of the same resistance and filled with the same medium as the pH electrode. The only measurements accepted for both kinds of electrodes were the ones in which the action potential and the resting potential were stable during at least five seconds. In this way a more homogeneous group of irrtracellular measurements was obtained.
Because the pH electrode has an open tip, a change in the junction potential can also be expected when the electrode passes from outside to inside the intracellular medium. The changes of the liquid junction potential value following variations of the potassium and sodium concentrations of test solutions of constant pH were not found to be significantly different in pyrex glass electrodes from the ones observed in 0150C glass micro-electrodes of the same resistance and filled with the same medium. Therefore, the control pyrex electrodes used for the membrane potential correction were assumed to account also for the liquid junction potential error of the pH micro-electrode measurements. Since the intracellular and extracellular media do not have the same pH, this assumption is not entirely valid, but the possible error introduced is smaller than 0.5 mv. 13 Thereafter, the values of the potentials measured with both electrodes were plotted ( fig. 1 ). In this figure the difference of resting potential between the two curves (for the same value of action potential) results presumably from the pH difference between the outside and the inside of the cell.
ERROR FROM ELECTRICAL LEAKAGE THROUGH WALLS
The 0150C glass micro-electrodes are uncoated and made of glass with low electrical resistivity. Therefore one can expect a small resistive leakage of the signal through the uncoated glass walls in contact with the grounded extracellular fluid. This leakage increases as a longer part of the tip is immersed in the solution. The correction factor for the resistive leakage error of the wall can be obtained from the variations of amplitude of a known voltage signal through the pH electrode at different depths of immersion in the extracellular fluid. The short-circuiting effect (resistance 
Cellular potentials recorded with 0150C glass micro-electrodes (dashed curve) and control pyrex glass micro-electrodes (solid curve).
188 LAVALLCE clamp) of the resistive leakage through the walls on the cellular potentials is negligible since this leakage is in series with the micro-electrode tip resistance. At most, this grid leak resistor effect cannot reduce the membrane potential by more than 0.1 mv.
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Results
POTENTIALS OF O1SOC AND PYREX CLASS ELECTRODES UNDER DIFFERENT CONDITIONS Effects of Changing the pH of the Test Solution
According to the methods previously described, 0150C glass micro-electrodes were made. Eight batches were filled with a solution of 0.5 M KCl at pH values varying from 6 to 7.3, with glycyl-glycine buffer added with a final concentration of 20 mM. A total of seventeen micro-electrodes coming from these batches was tested extensively for their pH sensitivity. The electrical resistance of these electrodes was between 30 and 100 megohms. Tested for their change in tip potential following changes of pH (in a range between 2 and 8.5) of solutions of 0.1 M KCl or of KrebsRinger solution, these micro-electrodes showed a linear relationship, dV/dpH, of 31.2 mv ± 36.5 SD per pH unit (from 102 measurements of seventeen electrodes). The pH value of the test solution was changed by the addition of 0.1 M HC1 or KOH. This solution was constantly stirred. No significant difference of pH sensitivity was observed when the electrode was tested in Krebs-Ringer solution instead of in 0.1 M KCl. The entire pH range between 2 and 8.5 was covered at least once, the range between 5 and 7.5 at least three times, and the range between 6 and 7 at least five times, for each one of the seventeen electrodes. Although the tip potential of the pH electrodes, following a pH change of the test solution reached a new steady value within two seconds, thirty or more seconds were allowed before the measurement was made. The temperature of the test solutions was 30°C.
Variations of pH sensitivity among electrodes of the same batch, which were pulled at the same temperature, boiled together, and filled with the same solution were rather small (±4.3 mv/pH unit, SD) (table la). The variations of pH sensitivity of a single electrode were still smaller (± 2.7 to 3.7 mv/pH unit, SD) (table lb and c). However, electrodes from different sets (such as the electrodes from table lb and c), which were drawn at different temperatures (and therefore had presumably different tip diameters), showed large differences of pH sensitivity. Above pH 8.5, the pH sensitivity of the 0150C glass micro-electrodes was no longer linear, but the characteristics of this voltage departure were not studied, nor were any experiments done at a pH lower than 2.
Pyrex glass micro-electrodes, filled with the same medium as the 0150C electrodes and having about the same resistance, showed variations of potential smaller than 1 mv/pH unit when tested in the same pH range. However, if the potassium chloride concentration 
Effect of Variation! of the Diameter of the Op«n End of the 0150C Electrodes
Under the ordinary light microscope, it was not possible to measure the diameter of the tip of a micro-electrode accurately. Some pyrex tips were measured with a reasonable accuracy (± 0.005 micron) by electron microscopy. The average diameter of the tip of the pyrex glass micro-electrodes used in the present study was 0.4 micron. But the 0150C glass is dehydrated by the high vacuum of the microscope and melts under the electron beam, making impossible even approximate measurements. Therefore the 0150C glass micro-electrodes were measured only with the ordinary light microscope (± 0.5 micron). However, it was possible to break small pieces from the tip and to test the electrode for its pH sensitivity before and after this change in its terminal diameter. The micro-electrode having a pH sensitivity of 30 mv/pH unit with its normal tip (less than half a micron of ex- 
Effect of concentration of test solution (KCl) on pH sensitivity (dV/dpH) of 0150C glass micro-electrodes.
ternal diameter) lost its pH sensitivity almost completely when its terminal diameter was brought to more than one micron.
Effect of Changing the Concentration of the Filling Medium
In order to test the effect of the concentration of the filling medium, electrodes were filled with two different concentrations of potassium chloride, 0.5 M and 2.5 M. Both kinds of electrodes were tested in 0.1 M KCl. Electrodes filled with 2.5 M KCl showed a very small sensitivity to pH changes (4.1 mv/pH unit ±1.3 mv SD) while electrodes filled with 0.5 M KCl showed the ordinary 30 mv/pH unit ( fig. 2) . In figure 2 , the relative positions of the lines are arbitrary and do not indicate that the electrodes are at the same potential at pH 2.
Effect of Changing the Concentration of ths T«t Solution
The same micro-electrodes filled with 0.5 M KCl were tested for their sensitivity to pH in KCl test solutions of two different concentrations: 0.1 M and 2.5 M. AS seen in figure 3 , the sensitivity of the micro-electrode immersed in a more dilute medium is slightly but significantly greater than in a concentrated solution. But it can also be seen that the contribution to the pH sensitivity of the solution outside the micro-electrode is less important than the contribution of the filling medium. Table 2 shows the results of seven experiments made to determine the intracellular pH value of isolated rat atria beating regularly under standard control conditions (see Methods). The muscles were in the bath from one to five hours when the pH measurements were made. The pH values in lb, Id, 2b, and 2d were determined after complete recovery following short periods of anoxia. All other values are from normal, untreated hearts. Groups of two or three penetrations with the pH micro-electrodes alternated with groups of three or four measurements with the control pyrex glass micro-electrodes. The membrane potential values found with the pyrex glass micro-electrodes filled with 0.5 M KC1 did not differ significantly from measurements lri on similar preparations made with pyrex glass micro-electrodes of the same type, but filled with 2.5 M KC1. In order to reduce the effect of the motion of the beating atria on the tip of the micro-electrodes, the electrodes were always maintained at a 60° angle with the preparation. No effect of mechanical stress on the electrodes was observed. One hundred and fifty-nine penetrations gave an average pH value of 6.91. The standard deviation between the fifteen groups of cells of table 2 was 0.06 pH unit.
Discussion
The simplest concept of an ion-selective membrane is the one of a porous diaphragm throughout which there is an even distribution, along the pore walls, of fixed ionized groups. It is proposed that the glass micro-electrode, because of its geometry and its dimensions, can be regarded as a single-pore ion-selective membrane with an internal gradient of fixed charges.
The electron microscope has shown that artificial membranes may have pores with widths from 0.15 to 1 micron. 10 Therefore the solution filling the micro-electrode may be regarded as a medium permeating a pore, the tip of the electrode, when it narrows down to a certain diameter, one micron for instance. We will then have a pore with only one disCircmUiiom Reitsrcb, Vol. XV, Sipfmbtr 1964 crete boundary at the extreme tip of the micro-electrode while the other boundary will be progressively established as the glass tube is reduced to a diameter smaller than one micron. Does this glass pore contain any fixed charges? Studies of glass revealed a three-dimensional oxygen-silicon network 10 with a residual negative charge. Thus the communication between the filling medium and the external solution must be made through a negatively charged pore.
A negatively charged pore is said to be selective by being more permeable for the counter-ions than for the co-ions (assuming that the diameter of the ions plays no role). Micro-electrodes of the Ling and Gerard type could have that property, and therefore both the pyrex and the 0150C glass electrodes would have a different permeability to cations than to anions. This selectivity could explain why a very sharp pyrex glass microelectrode introduces a junction potential error.
Teorell 17 described the charges along the pores of artificial membranes in terms of concentration because of their behavior, analogous to an "added ion." This term applies well in the case of the pH sensitive 0150C glass which, according to Horovitz 18 can be regarded as a solid electrolyte. Pores of artificial membranes, of about the same dimensions as the lumen of the tip of glass microelectrodes (Ling and Gerard type), can often have an average concentration of fixed charges as large as 3 M. 17 The average distance between two fixed charges (as point charges) within such pores would then be 41.6 A.
In a solution of 0.5 M KC1, the Debye's length is 4.47 A. If a micro-electrode having an average wall charge concentration of 3 M near its tip is filled with 0.5 M KC1 solution, the average diameter of the lumen free of electrical field of the fixed charges becomes 41.6 A minus twice the Debye's length; that is, 32.7 A. Since the electrical influence of a mobile ion extends 4.47 A from each side of its center the part under the control of the fixed charges of the wall inside the micro-electrode tip is equivalent to four times the Debye's length (17.9 A); i. e., almost half the total 192 LAVALLEE space (41.6 A) available inside the tip. There is indirect evidence 13 that glass micro-electrodes of a diameter smaller than half a micron can have a wall charge concentration above 2 M. The tip potential of glass micro-electrodes could then be explained by the influence of the glass fixed charges on the ions of the solution which fills the tip.
The tip potential is far more sensitive to pH when the micro-electrode is made of 0150C glass instead of pyrex glass. The mechanism of the pH sensitivity of the 0150C glass is still controversial. 19 We can nevertheless suggest, from the present study, that the fixed charges of the inner glass wall of the micro-electrodes of the Ling and Gerard type control the tip potential, but become more strongly dependent on the pH inside and outside the electrode when pyrex glass is replaced by 0150C glass.
There is evidence that the length of the sensitive tip of the 0150C glass micro-electrode is of the order of a very few microns, probably one or two, because of the homogeneous nature of the measurements on rat atria. After a certain number of penetrations, it happens occasionally that an electrode is broken so that it loses its pH sensitivity almost completely, and sometimes completely, but the electrode is still sharp enough to measure normal cellular potentials. In that case, it can be seen that the tip did not lose more than two to three microns of its length, but that the pH sensitivity has nevertheless disappeared with these two or three microns. A similar effect has been reported by Adrian 7 with pyrex glass micro-electrodes. This observation confirms the view that these tip effects are confined to the very end of the micro-electrode.
It would be futile to compare this value of 6.91 to all the intracellular pH determinations ever attempted on various tissues and with various methods because there are so many reasons for discrepancies. However this value is in reasonable agreement with the values obtained so far on muscle with intracellular glass electrodes. Caldwell 1 found pH 6.9 in crab muscle. Kostyuk and Sorokina 2 reported that the pH of frog sartorius muscle is about 7.0.
Carter
3 made three pH determinations on rat voluntary muscle in situ and found the values to be 6.78, 6.8, and 6.78.
It was possible to observe, with this new type of pH electrode, the acidosis which is induced by anoxia. Twenty minutes of anoxia, a period sufficient to cause complete failure of the isolated rat atria, brought the intracellular pH value to about 6.6.
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Summary
Measurements of the intracellular pH of mammalian hearts by means of ordinary sealed electrodes are difficult mainly because of the small diameter of most of these muscle fibres. An open-tip pH micro-electrode was designed. The difference between the measurements with this electrode and measurements with a control pyrex glass electrode of the same resistance, filled with the same medium, and immersed in the same solution, is specific for the pH variations of this solution. The new pH electrode, if filled with 0.5 M KG, has an electrical resistance of 30 to 100 megohms and a sensitivity of about 30 mv/pH unit. The sensitive head of the device has a diameter of about half a micron and a length of one to two microns. The intracellular pH value of isolated rat atria, beating at 200/min in a Krebs-Ringer solution maintained at 30°C and at a pH value of 7.4, was measured with this method and found to be 6.9.
